Abstract Lysyl oxidase (LOX) family oxidases, LOX and LOXL1-4, oxidize lysine residues in collagens and elastin, resulting in the covalent crosslinking and stabilization of these extracellular matrix (ECM) structural components, thus provide collagen and elastic fibers much of their tensile strength and structural integrity. Abnormality in LOX expression and/or activity results in connective tissue disorders and fibrotic diseases. Despite LOX family oxidases have been reported to function as tumor suppressors, recent studies have highlighted the roles of LOX family oxidases in promoting cancer metastasis. LOX family oxidases are highly expressed in invasive tumors, and are closely associated with metastasis and poor patient outcome. Consistent to their roles in connective tissue homeostasis, LOX family oxidases expedite tumorigenesis and metastasis through active remodeling of tumor microenvironment. LOX family oxidases are also actively involved in the process of epithelial-mesenchymal transition (EMT), an event critical in cancer cell invasion and metastasis. In this review, we will summarize the recent progress on LOX family oxidases, with much of the focus on the roles and mechanism of LOX in tumor progression and metastasis.
Introduction
In the past decades, majority efforts of cancer research have focused on the functional consequences of oncogene and tumor suppressor gene mutations. However, cancer is heterogeneous entity dependent on reciprocal interactions between cancer cells and their dynamic microenvironment, provided by fibroblasts, endothelial cells, pericytes, inflammatory cells, and extracellular matrix [1] . The temporal-spatial changes of microenvironment and the interplay between cancer cells and their microenvironment are critical in all different aspects of cancer development, including maintenance of cancer cell dormancy, cancer progression and metastasis, as well as drug resistance [1] . Microenvironment of cells, via cell-cell contact, cell-extracellular matrix (ECM) interaction and growth factor, retains the characteristics of cells, as well as their response to stimuli. The importance of microenvironment to pathogenesis is becoming much more recognized, from the role of ECM and matrix rigidity in determining polarity and growth potential of tissues, to the extracellular metabolism of growth factors and matrix molecules during cancer progression and metastasis. ECM remodeling is a common feature of diverse pathological processes, including tissue fibrosis and cancer [2, 3] . ECM components, closely associated with cancer prognosis and therapy response, are promising therapeutic targets under extensive investigation [4] [5] [6] . Lysyl oxidase (LOX) and its family members LOXL1-4, the copper-dependent amine oxidases playing critical roles in ECM crosslinking and remodeling, are implicated in cancer progression and metastasis [7, 8] . In this review, we will summarize the recent progress on aberrant expression and activity of LOX family oxidases in cancers, with much of the focus on the roles and mechanism of LOX in tumor progression and metastasis.
LOX Family Oxidases, Regulation and Functions

LOX Family Oxidases
LOX and its family members LOX-like proteins (LOXL) 1-4 are copper-dependent amine oxidases that oxidize ε-amino group of peptidyl lysine to reactive peptidyl aldehydes, followed by formation of the dehydrolysinonorleucine and aldol condensation products from peptidyl aldehydes and lysine residues [9, 10] . LOX family members are highly conserved at their C-terminal mature catalytic domains, including the copper binding site, the lysyl tyrosyl quinine (LTQ) cofactor residues, and the cytokine receptor like (CRL) domain. Both copper and LTQ cofactor are required for the oxidase activity. Copper, which may not be directly involved in LOX catalytic activity, is believed to be essential for the maintenance of protein conformation and LTQ cofactor. The LTQ cofactor, formed by covalently linked Lys314 and Tyr349 residues, functions in electron transmission [9, 10] . LOX family oxidases differ significantly at their N-terminal pro-peptides that LOXL1 pro-peptide contains a proline-rich domain, and LOXL2, LOXL3 and LOXL4 each contain four scavenger receptor cysteine-rich (SRCR) domains [9, 10] (Fig. 1) . The SRCR domains, frequently found in cell surface proteins associated with the immune system, are suggested to be involved in protein-protein interaction [10] . Based on sequence similarity and domain structure, LOX and LOXL1 form a subfamily, while LOXL2, 3, and 4 exist as a separate subfamily. LOX family oxidases are synthesized as zymogens or proenzymes. Removal of the NH 2 -terminal pro-peptide of LOX by bone morphogenetic protein-1 (BMP-1)/Tolloid metalloproteinases in the extracellular space is necessary for enzyme activation and the exhibition of its oxidase activity [11, 12] . It remains somewhat unclear whether LOX-like oxidases undergo similar cleavage/activation events in vivo, as LOXL1 is present predominantly in its full length form in vivo [13] . Collagens and elastin are well characterized physiological substrates of LOX family oxidases. The resultant crosslinked collagen and elastic fibers provide the connective tissues much of their tensile strength and structural integrity. It was also reported that LOX can utilize histone H1, PDGFR-β, as well as bFGF as substrates in regulating transcription and cell migration [14] [15] [16] . LOX utilizes multiple lysine residues in collagens and elastin as substrates [10] . However, the sequences surrounding these lysine residues lack obvious consensus. Purified LOX readily oxidizes basic globular proteins, e.g. histone H1 [14] , and nonpeptidyl amine substrates, e.g. 1,5-diaminopentane [17] , but not acidic proteins. The electrostatic potential between LOX and its substrates, rather than a consensus sequence, might be essential to its catalytic activity. LOX and LOXL1 are tethered to the sites of elastogenesis via binding to fibulin-4 and −5 respectively [18, 19] . The temporal-spatial localization and the vicinity to its substrates, together with the electrostatic potential, may determine the substrate specificity of LOX.
Regulation of LOX Family Oxidases
Precisely regulated expression and activity of LOX family oxidases are prerequisite to their critical functions in connective tissue homeostasis. This is achieved not only by the transcriptional regulation, but also by temporal-spatial distribution and the modulation of oxidase activity of LOX family oxidases (Fig. 2) . Aberrant expression of LOX family oxidases and/or deregulated oxidase activity is responsible to the pathogenesis of many types of diseases, e.g. tissue fibrosis Fig. 1 Schematics of LOX family oxidases. LOX and LOX-like proteins (LOXL) 1-4 are synthesized as proenzymes. LOX family oxidases are highly conserved at their C-terminal mature domains, including the copper binding site, the lysyl tyrosyl quinine (LTQ) cofactor residues, and the cytokine receptor like (CRL) domain, but differ significantly at their N-terminal pro-peptides. The pro-peptides, especially the proline-rich domain in LOXL1 and the scavengerreceptor cysteine-rich (SRCR) domains in LOXL2-4, are possibly involved in protein-protein interactions. Si: Signal peptide and cancer. TGF-β is one of the key cytokines in regulating ECM, not only by regulating expression of ECM structural proteins, but also by affecting enzymes involved in ECM biosynthesis and degradation. TGF-β increased steady state LOX mRNA level in a dose-and time-dependent manner, through integrated Smad3, PI-3 kinase, and MAPK signaling [20] . Chronic inflammation plays pivotal roles in the pathogenesis of fibrotic diseases. High dose proinflammatory factor TNF-α stimulated LOX expression, which may play an important role in progressive cardiac fibrosis [21] . LOX is highly expressed in invasive basal breast cancer, but not in non-invasive ductal breast cancer. GATA-3, a transcriptional factor essential for normal mammary gland development and luminal cell differentiation, negatively regulates the expression of LOX through methylation of the LOX promoter [22] . The forkhead box M1b (FoxM1b) transcription factor, overexpressed in human cancers and correlated with poor prognosis, directly binds to the promoters of LOX and LOXL2 genes. FoxM1b, by inducing LOX and LOXL2 expression and activating the Akt-Snail pathway, drives epithelial-mesenchymal transition (EMT), hepatic fibrosis and metastasis of hepatocellular carcinoma [23] . Hypoxia has been proposed as an important microenvironmental factor in the development of many types of diseases, including tissue fibrosis and cancer. Hypoxiainducible factor-1 (HIF-1) is the key regulator of the cellular response to hypoxia. LOX mRNA level is highly upregulated under hypoxic conditions, mediated by HIF-1 at transcriptional level [7] . Notch and tumor suppressor LKB1 also regulate LOX expression through HIF-1 [8, 24] .
The observation that increased LOX enzyme activity upon TGF-β stimulation was delayed and was of lower magnitude than the increase in its mRNA level suggested rate-limiting post-transcriptional regulation of LOX. Indeed, LOX family oxidases are synthesized as zymogens or proenzymes. The proteolytic removal of LOX pro-peptide by BMP-1/Tolloid metalloproteinases after secretion is essential to the exhibition of its oxidase activity [11, 12] . The activation of LOX, however, should be a tightly regulated process. Both LOX and BMP-1 bind to cellular fibronectin, an abundant component of the ECM that regulates manifold cellular functions through its interaction with various ECM and cell surface proteins [25, 26] . Impaired LOX processing and oxidase activity were evident in FN-null MEFs, compared to wild-type MEFs [25] . Despite several studies suggested LOXL1 undergoes similar BMP-1-mediated proteolytic activation in vitro, this has to be further confirmed, as almost exclusive full-length LOXL1 protein was detected in vivo [13] . Nevertheless, LOXL1 is tethered to the sites of elastogenesis via interaction between its pro- Fig. 2 Transcriptional and post-transcriptional regulation of LOX family oxidases. LOX family oxidases are temporal-spatially regulated at both transcriptional and post-transcriptional levels. TGF-β upregulates LOX mRNA level through Smad3 transcription factor. Hypoxiainducible factor-1 (HIF-1), in response to hypoxic stress or deregulated mammalian target of rapamycin (mTOR) kinase downstream of tumor suppressor LKB1, directly binds to LOX and LOXL2 promoters, and initiates LOX and LOXL2 transcription. The forkhead box M1b (FoxM1b) transcription factor, in addition to direct binding to the promoters of LOX and LOXL2 genes, activates LOX and LOXL2 transcription through enhanced PI3-kinase-Akt-mTOR signaling. LOX enhances HIF1α expression by activating the PI3-kinase-Akt signaling, thus providing a fast-forward regulatory circuit of LOX expression. GATA-3 transcriptional factor, on the other hand, negatively regulates LOX expression through LOX promoter methylation. At post-transcriptional level, the proteolytic removal of LOX pro-peptide by BMP-1/Tolloid metalloproteinases is essential to the exhibition of its oxidase activity, faciliated by the colocalization of LOX and BMP-1 to fibronectin matrix. LOX and LOXL1 interact with fibulin-4 and fibulin-5 respectively through cognate pro-peptides. The interaction of LOX family oxidases with ECM components determines their spatial distribution, substrate specificity, oxidase activity and their physiological and pathological functions peptide and fibulin-5 to exert its oxidase activity [19] . LOXL1 binding to fibulin-5 may also have a regulatory role on its oxidase activity. Interaction between fibulin-4 and the pro-peptide of LOX efficiently promotes assembly of LOX onto tropoelastin [18] . Thus, the pro-peptides of LOX family oxidases and possibly their mature domains, via interaction with ECM components, exert regulatory roles in determining the spatial distribution, substrate specificity, oxidase activity and their physiological and pathological functions.
Physiological Functions of LOX Family Oxidases
LOX family oxidases crosslink collagen and elastin, and are essential to the biogenesis of connective tissues [11] . Loxnull mice are perinatal lethal with cardiovascular fragility, burst arterial aneurysms, ruptured diaphragm, and fragmented elastic fibers, suggesting that LOX has an essential role in the development and function of the cardiovascular system [27, 28] . The Lox null mice also display impaired development of the distal and proximal airways [29] . Elastic and collagen fibers were markedly more disperse in the mesenchyme surrounding the distal airways, bronchioles, bronchi, and trachea, and in pulmonary arterial walls in Lox null mice than in the wild type mice [29] . Although viable, Loxl1-null mice are featured with enlarged pulmonary alveoli, redundant skin, prolapse of pelvic viscera, and vascular abnormalities [19] , similar to that observed in the fibulin-5 knockout mice [30] . The LOXL2-4 knockout mice are yet not available to study their physiological functions.
Despite lack of substrate specificity in vitro, the largely non-overlapping phenotypes, and the inability of LOX and LOXL1 to compensate for each other in the knockout mice have shed light on potentially distinct substrate spectrum and physiological functions of LOX family oxidases in vivo. The phenotypic difference could only be partially attributed to the tissue expression pattern of LOX family oxidases. In contrast to the restricted and low level expression of LOXL2-4, LOX and LOXL1 are broadly expressed with overlapping expression domains [31] . Immunohistochemical staining suggested LOXL1 to be solely associated with elastic lamina, whereas LOX was broadly distributed [19] . This is consistent to the observation that reduced crosslinks in both collagen and elastic fibers were detected in Lox-null mice, whereas aberrant elastic, but not collagen, fibers were evident in Loxl1 mice, suggesting spatially defined roles of LOXL1 in guiding elastin deposition. Unlike proteolytically processed LOX, LOXL1 is present largely as full-length protein in vivo [13] . LOXL1 interacts with fibulin-5 through its pro-peptide, and is targeted to elastic fibers [19] . Therefore, besides the roles of retaining the oxidase in the latent format, the divergent pro-peptides, along with their cognate mature domains, may determine the spatial distribution, substrate specificity and function of LOX family oxidases via distinct interacting proteins. Indeed, LOXL2 inhibits keratinocyte differentiation via the function of its fourth SRCR domain, independent of its oxidase activity [32] . In addition to well documented roles in connective tissue homeostasis, LOX family oxidases are participated in many other critical biological functions, including cell migration [16, [33] [34] [35] [36] [37] , cell polarity and epithelial-mesenchymal transition (EMT) [24, [38] [39] [40] [41] [42] , as well as angiogenesis [43] , possibly mediated by less well characterized substrates/binding proteins of LOX family oxidases.
LOX Family Oxidases in Cancer and Other Diseases
X-linked fatal disorder Menkes' disease and autosomal recessive disorder Wilson's disease are two widely studied genetic diseases of copper metabolism in humans [44] . Remarkably low LOX activity, as the pathophysiological consequence of copper deficiency, accounts in part for the connective tissue disorders observed in Menkes' disease and Wilson's disease [44] [45] [46] . LOX is involved in a variety of pathological process related to connective tissue. In contrast to reduced LOX activity in cutis laxa [47] , Menkes' disease [46] , and spontaneous coronary artery dissection [48] , which show abnormalities and deficiency of elastic fibers, LOX expression is markedly elevated in atherosclerosis, scleroderma, and liver cirrhosis, featured with prominent symptom of fibrosis [6, 49, 50] . Other family members, e.g. LOXL1 and LOXL2 also play critical roles in elastic fiber homeostasis and maintenance at adult age [19, 51, 52] .
The role of LOX family oxidases in cancer emerges from the up-regulated LOX expression in spontaneous revertants of H-ras-transformed rat fibroblasts [53] . Reduction of LOX expression in head and neck squamous cell carcinomas [54] and gastric cancers [55] , of LOXL2 expression in head and neck squamous cell carcinomas [54] , and of LOXL1 and LOXL4 expression in bladder cancer via epigenetic silencing have been reported [56] (Table 1 ). The pro-peptide of LOX is responsible for its anti-tumor effect through interacting with Hsp70 and c-Raf to reduce ERK activation [57] , and to repress Bcl-2 [58] . Despite LOX has been implicated as a tumor suppressor, LOX is now more widely accepted as a poor prognosis factor (Table 1) , especially in promoting cancer metastasis in breast [7, 59, 60] , head and neck squamous cell [7, 61] , lung [8] , prostatic [62] , and bronchogenic [63] carcinomas. LOX is highly expressed in invasive basal breast cancer, but not in non-invasive ductal breast cancer [7] . Tumor suppressor LKB1 contributes to~30 % lung cancer [64] . LOX is highly expressed in LKB1-deficient lung adenocarcinomas, and is responsible to the enhanced cancer cell proliferation and invasiveness [8] . Elevated LOXL4 expression has been reported in head and neck [66] cancer [65] , and colorectal adenocarcinomas [66] . Breast cancer, lung cancer or head and neck cancer patients with high LOX-expressing tumors have poor distant metastasisfree and overall survival [7, 8] , while LOXL2 is a novel poor prognosis marker of lung squamous cell carcinomas, lung adenocarcinomas and pancreatic carcinoma [5, 40, [67] [68] [69] [70] . LOX family oxidases are necessary and sufficient to repress E-cadherin, and are required for EMT and metastatic dissemination of basal-like breast carcinomas [41] . Pharmacological inhibitors or therapeutic antibodies of LOX family oxidases satisfactorily impede the disease progression and metastasis in breast cancer and lung cancer mouse models [5, 7, 8, 71] .
Role of LOX Family Oxidases in Cancer
Hypoxia
Tumors often encounter hypoxic, hypoglycemic and acidic microenvironment. Hypoxia, present in solid tumors larger than 1 cm 3 due to inadequate blood supply, has received considerable attention as an inducer of tumor metastasis, and is strongly correlated to poor patient outcome. Hypoxia promotes tumor angiogenesis, EMT, invasion, metastasis, and de-differentiation, largely mediated by the targets of hypoxia-inducible factors (HIFs) [72] . LOX, among the hypoxia gene signature [73] , has been shown to be directly regulated by HIF1α transcription factor, and is essential for hypoxia-induced metastasis in breast cancer and head and neck cancer [7] . Hypoxia-induced cancer cell invasion was severely impaired by inhibiting LOX expression or oxidase activity [74] . The decreased invasive ability could be rescued by over-expression of mature LOX or treatment of conditioned medium from cancer cells, suggesting secreted LOX plays key roles in this process [74] . Besides hypoxia, we have previously reported that LOX expression is elevated in tumor suppressor LKB1-deficient lung cancers [8] . The deregulated LOX expression, however, is mediated by HIF1α as well [8] . Under normoxic conditions, HIF1α expression is promoted by disrupted regulation of mammalian target of rapamycin (mTOR) kinase and subsequent increased HIF1α translation. Indeed, gain-offunction of oncogenes, e.g. H-Ras, or loss-of-function of tumor suppressors, e.g. LKB1, leads to the accumulation of HIF1α in both normoxic and hypoxic conditions [8, 72] . Converge of hypoxia, oncogene gain-of-function, and tumor suppressor loss-of-function at HIF1α transcription factor has placed HIF1α at the central position in LOX expression regulation. Interestingly, LOX induction in human colorectal carcinoma cell lines enhanced HIF1α expression, by activating the PI3-kinase-Akt signaling pathway and upregulating HIF1α protein synthesis, in which LOXmediated hydrogen peroxide production is necessary [75] . Cancer cell proliferation was stimulated by LOX in an HIF1α-dependent manner both in vitro and in vivo. Thus, the regulatory circuit between LOX and HIF1α act in synergy to foster tumor formation in the adaptation of tumor cells to hypoxia. Hypoxia is one of the key drivers of angiogenesis [76] . Under hypoxic conditions, HIF1α induces expression of pro-angiogenic factors and endothelial cell mitogens, e.g. vascular endothelial growth factor A (VEGF-A), thus induces proliferation, sprouting and tube formation of endothelial cells and sustained angiogenesis [77] . LOXL2 is accumulated in the endothelial ECM and regulates sprouting angiogenesis through assembling type IV collagen in the endothelial basement membrane in zebrafish [43] . LOX family oxidases therefore play manifold roles in cancer progression and metastasis, promoting not only cancer cell migration and invasion, but also angiogenesis in concert with proangiogenic factors under hypoxia (Fig. 3) .
Extracellular Matrix Remodeling
LOX family oxidases have been implicated to be associated with cancer metastasis and shorter overall survival. Overexpression of LOX family oxidases potentiates tumor progression and metastasis in breast cancer and lung cancer [7, 8, 71] . Inhibition of LOX family oxidase activity by pharmacological inhibitors, therapeutic antibodies or reduced LOX expression impeded tumor progression [5, 7, 8, 71] . Consistent to their roles in connective tissue homeostasis, LOX family oxidases modulate tumor behavior in part through ECM remodeling and stiff microenvironment (Fig. 3) . In solid tumors, there is evident pervasive growth of dense fibrous tissues, featured with accumulation of fibroblasts and excess and/or disordered ECM deposition, a phenomenon named desmoplasia. In clinical practice, the correlation between tissue fibrosis and cancer has attracted much attention. Indeed, high mammographic density, characterized by dense type I collagen accumulation, increases breast cancer risk [78] .
Collagens, the most abundant ECM proteins in the stroma, contribute most significantly to the tensile strength and rigidity of tissues [79] . Increased expression and excess deposition of collagens, as well as disordered ECM organization and turnover have been implicated in tumor progression [80] . An extracellular matrix gene cluster is closely associated with breast cancer prognosis and endocrine therapy response [60] . Despite that breakdown of surrounding matrix is believed to be prerequisite for tumor metastasis, histopathological analyses had clearly shown correlation of Cas /Crk/DOCK180 signaling pathway and cytoskeleton rearrangement to regulate cell-matrix adhesion and cell motility. Cells sense the mechanical force from stiff extracellular matrix, resultant from increased LOX expression and collagen crosslinking, through cell surface integrin receptors and downstream activation of FAK and Src kinases and cytoskeleton rearrangement to acquire the invasion ability. LOX family oxidases are actively involved in the regulation of cell polarity and epithelial-mesenchymal transition, by interacting with Snail transcription factor and protecting Snail from GSK3β-dependent phosphorylation and degradation to induce mesenchymal-like morphological changes and enhanced cell motility. LOX and LOXL2 secreted by primary tumors accumulate at the premetastatic sites, crosslink basement membrane type IV collagen and generate chemotactic cue for bone marrow-derived cells (BMDCs) to form the premetastatic niche to facilitate tumor cell metastasis. LOXL2 regulates angiogenesis through assembling type IV collagen in the endothelial basement membrane, in concert with other proangiogenic factors, e.g. VEGF-A under hypoxia poor outcome in patients with fibrotic lesions in a variety of cancers, underscoring the essential roles of ECM remodeling during tumor progression and metastasis. Cancer invasion is facilitated by stromal collagen re-organization and this behavior is significantly increased in collagen-dense tissues [81] . Many ECM modifying enzymes, including matrix metalloproteinases (MMPs) and LOX family oxidases are aberrantly expressed during malignant transformation, progression and metastasis of cancers. Over-expression of active LOX could increase tissue tension and ECM rigidity by crosslinking collagens and elastin [8, 71] . LOXL2 expression in non-invasive breast cancer cells promotes tumor fibrosis and tumor invasiveness simultaneously in a xenograft model, indicating intrinsic connection between these two processes [82] . Reduced collagen crosslinking by downregulation of LOX impeded tumor progression [8, 71] . Genetic, chemical or antibody-mediated inhibition of LOXL2 resulted in marked reduction in activated fibroblasts, desmoplasia, and metastasis [5, 83] . The matrix stiffness, as well as the ECM composition and architecture, play fundamental roles in cell fate determination. Normal breast epithelial cells in stiff 3D microenvironment share characteristics with transformed breast cancer cells in disrupted cell adherens junction, enhanced cell proliferation, and failure in lumen formation [84] . Cancer cells in stiff microenvironment are more proliferative and invade into surrounding matrix [8, 71, 84] . Cells sense the mechanical force from stiff ECM through cell surface integrin receptors [8, 71, 84] . The dense collagen matrix microenvironment provokes the increase of cancer cell invasion ability through activation of FAK and Src kinases and cytoskeleton rearrangement downstream of β1 integrin, whereas β1 integrin blocking antibody or depletion of FAK significantly decreased cancer cell proliferation and invasiveness in the stiff microenvironment [8, 71, 84] .
On the other hand, LOX family oxidases affect tumor progression and metastasis beyond simply stiffening surrounding tissues by impacting other aspects of microenvironment (Fig. 3) . Inhibition of LOXL2 resulted in a marked reduction in activated fibroblasts, endothelial cells, and decreased production of growth factors and cytokines [5] . Increasing extracellular matrix rigidity promoted the proliferation of malignant MECs, which was abrogated by inhibiting the activities of TGF-β1 or LOX [39] . Inactivating LOX activity impaired TGF-β1-mediated EMT and invasion in breast cancer cells, suggesting LOX may serve as a potential mediator that couples mechanotransduction to TGF-β signaling [39] . Tumor cell metastasis is facilitated by premetastatic niches formed in the destination organs by invading bone marrow-derived cells (BMDCs). LOX and LOXL2 secreted by primary tumors accumulate at the premetastatic sites, crosslink basement membrane type IV collagen, and recruit CD11b+myeloid cells to form the premetastatic niche. LOX inhibition prevents CD11b+cell recruitment and metastatic tumor growth [23, 85, 86] . More broad microenvironmental changes triggered by LOX family oxidases, in synergy with stiff ECM, promote cancer cell proliferation and invasion.
Epithelial-Mesenchymal Transition (EMT), Cell Migration and Invasion
Accumulating evidences indicate the importance of the LOX family oxidases in promoting epithelial neoplasms towards their more aggressive forms. LOX expression is up-regulated in distant metastatic tumors compared with primary tumors in breast cancer [36] . LOX family oxidases are only expressed in the invasive and/or metastatic breast cancer cells, but not in the non-invasive cells [87] . Expression of LOXL2 in non-invasive MCF-7 cells promoted mesenchymal morphological change and migratory ability [33] . On the one hand, LOX is a potent chemokine inducing directional migration of varied cell types. LOX, secreted by vascular smooth muscle cells (VSMCs), strongly induces directional migration of VSMCs. LOX-dependent chemotaxis was abolished by β-aminopropionitrile (BAPN), an active site inhibitor of LOX, or by catalase, indicating that the hydrogen peroxide product of amine oxidation by LOX is critical to its chemotactic activity [88] . In invasive breast cancer cells [36] and malignant astrocytoma cells [34] , hydrogen peroxide-mediated FAK/Src signaling is required to facilitate cell-matrix adhesion formation and cell migration. LOX, by orchestrating the activities of Rho GTPases and p130
Cas /Crk/DOCK180 signaling, regulates cell motility through changes in actin filament polymerization [89] . In addition, LOX oxidizes cell surface PDGFR-β receptor, and is essential to generate optimal chemotactic sensitivity of rat aortic smooth muscle cells to the chemoattractant PDGF [16] . Moreover, LOX crosslinks basement membrane type IV collagen and generates chemotactic cue for CD11b+myeloid cells to form the premetastatic niche [85, 86] .
On the other hand, LOX family oxidases are actively involved in the regulation of cell polarity, and in the process of EMT (Fig. 3) . EMT, initially discovered as a critical event during embryogenesis and gastrulation, is believed to be a critical step in cancer cell dissemination and metastasis [90] [91] [92] . EMT is characterized by decreased expression of epithelial markers, e.g. E-cadherin, loss of cell-cell adhesion and cell polarity, as well as increased expression of mesenchymal markers, e.g. vimentin and N-cadherin, reorganization of cytoskeleton and gain of cell motility [91] . Numerous intracellular signaling pathways trigger the EMT process, including TGF-β [92] , Wnt [93] , Notch [94, 95] , receptor tyrosine kinases (RTKs) [96] pathways and hypoxia [97] . This is mediated by the transcriptional factors including Snail, Slug, Twist, and ZEB1/2, which repress the expression of adherens junction component E-cadherin [91] .
Snail protein stability and cellular localization is finely controlled by GSK3β-dependent phosphorylation and subsequent ubiquitination [93, 98] . LOXL2 and LOXL3 were found to interact with Snail and attenuate GSK3β-dependent Snail degradation. LOXL2 and Snail cooperate to downregulate E-cadherin expression and to induce mesenchymal-like morphological changes [38, 99] . Hypoxia represses E-cadherin expression, and promotes EMT [24, 42, 97] . HIF-1α enhanced EMT in vitro and induced epithelial cell migration through upregulation of LOX [24, 41, 42, 100] . The upregulated expression of LOX and LOXL2 under hypoxia is required and sufficient for hypoxic repression of E-cadherin, possibly through stabilization of snail transcription factor [24, 41] . The FoxM1b transcription factor simultaneously induces LOX and LOXL2 expression and activates the Akt-Snail pathway, and drives EMT [23] . Whether FoxM1b initiates the EMT process via LOX/ LOXL2-mediated Snail stabilization needs further investigation. Conversely, LOXL2 silencing in basal-like carcinoma cells induces a mesenchymal-epithelial transition (MET). However, LOXL2 maintains the mesenchymal phenotype of basal-like breast cancer cells by transcriptional downregulation of Lgl2 and claudin1 and disorganization of cell polarity and tight junction complexes, independent of its catalytic activity, Snail stability, and alteration in E-cadherin expression, suggesting multi-faceted mechanisms of LOX family oxidases in regulating EMT [40] . TGF-β, one of the major triggers of EMT, induces the expression and secretion of LOX family oxidases. LOX family oxidases were reported to positively [39] or negatively [101, 102] regulate TGF-β signaling. Nevertheless, the fact that inactivating LOX impaired stiff matrix, TGF-β-mediated EMT and cell invasiveness in breast cancer cells suggests LOX as a potential mediator that couples mechanotransduction to TGFβ signaling [39] . Further studies are warranted to investigate the contribution of individual LOX family members to the induction of EMT in the context of dynamic microenvironment during cancer cell invasion and metastasis.
Future Study
LOX family oxidases trigger desmoplastic reaction and active ECM remodeling. The transduction of resultant matrix mechanical property changes into cellular signaling promotes disruption of cell polarity, dynamic cytoskeleton rearrangement, cell migration and invasion. The acquisition of invasive behavior of cells expressing LOX family oxidases are partially attributed to the EMT in transcription factor snail dependent-and independent-manners. The LOX-mediated recruitment of myeloid cells and establishment of premetastatic niche facilitate the distant organ colonization and metastasis of cancer cells. These insightful studies have provided us the first knowledge how LOX family oxidases modulate tumor microenvironment and promote cancer progression and metastasis. However, as important extracellular oxidative enzymes, LOX family oxidases may interact with and/or oxidize other proteins besides collagens and elastin, thereby affecting diversified signaling pathways and cellular functions. These largely uncharacterized substrates and/or interacting proteins may reside in the extracellular space, on the cell surface, or even inside of the cells. Despite lack of substrate specificity in vitro, the LOX family oxidases may well have preference towards distinct spectrum of substrates and/or interacting partners. This arises not only from the divergent propeptides of each family member, but also from overlapping, but not identical distribution and physiological functions of LOX family oxidases. The temporal-spatial distribution and sequence specificity of LOX family oxidases may determine the spectrum of their substrates and/or interacting proteins and possible diversified functions in cancer progression and metastasis. More comprehensive studies, with no doubt, will lead to further understanding of the mechanisms how LOX family oxidases modulate the cancer microenvironment and exert their promoting roles in cancer progression and metastasis, and to the development of novel anti-cancer therapeutics.
